Many pleomorphic, lipid-enveloped viruses encode matrix proteins that direct their assembly and budding, but the mechanism of this process is unclear. We have combined X-ray crystallography and cryoelectron tomography to show that the matrix protein of Newcastle disease virus, a paramyxovirus and relative of measles virus, forms dimers that assemble into pseudotetrameric arrays that generate the membrane curvature necessary for virus budding. We show that the glycoproteins are anchored in the gaps between the matrix proteins and that the helical nucleocapsids are associated in register with the matrix arrays. About 90% of virions lack matrix arrays, suggesting that, in agreement with previous biological observations, the matrix protein needs to dissociate from the viral membrane during maturation, as is required for fusion and release of the nucleocapsid into the host's cytoplasm. Structure and sequence conservation imply that other paramyxovirus matrix proteins function similarly.
T he structure of icosahedral viruses has been extensively studied by X-ray crystallography and by a combination of X-ray crystallography and cryoelectron microscopy, but less is known about the atomic structure of viral proteins in the context of pleomorphic viruses. Paramyxoviridae, Rhabdoviridae, Filoviridae, and Bornaviridae are pleomorphic viruses belonging to the order Mononegavirales. These enveloped viruses all have a linear, nonsegmented, negative-sense, 10-to 20-kb-long RNA genome that is encapsidated by a nucleocapsid protein into a helical assembly (1) . Paramyxoviruses include human pathogens that infect the respiratory system. Newcastle disease virus (NDV) is an avian paramyxovirus that is the prototypical species of the genus Avulavirus, belonging to the Paramyxovirinae subfamily. Poultry are especially susceptible to NDV infections, and some virulent strains have been classified by the US Department of Agriculture as select agents (2, 3) . Paramyxoviruses ( Fig. 1 ) are pleomorphic and encode at least six proteins (1) . They all have two transmembrane glycoproteins-the attachment protein termed HN (approximately 75 kDa), G, or H (depending upon the virus) and the F protein (approximately 60 kDa)-that form spikes protruding from the lipid bilayer. HN is a dual-function hemagglutinin/neuraminidase, capable of binding to cell surface sialic acids (4) . F is required for fusion with the host cell plasma membrane (5-7). The nucleocapsid protein, NP (approximately 50 kDa), together with the genomic RNA forms a helical structure that encapsidates and protects the viral RNA genome. The helical parameters of the nucleocapsid structure exhibit variability among paramyxoviruses (8, 9) . The matrix (M) protein of many pleomorphic, membraneenveloped viruses directs assembly and budding (10) (11) (12) (13) (14) . The structures of three matrix proteins of viruses belonging to the order Mononegavirales [respiratory syncytial virus (RSV) (14) , Ebola virus (12) , and Borna virus (13) ] have been determined. These structures are built of one or two domains that have similar β-sandwich folds, suggesting gene duplication during evolution. The dimers of paramyxovirus M protein (approximately 40 kDa) can form a grid-like array on the inner surface of the viral membrane (15) (16) (17) (18) , and probably interact with both the cytoplasmic tails of the HN and F glycoproteins (19, 20) as well as the nucleocapsid (21) (22) (23) (24) to initiate virus assembly and budding (20) . The NDV M protein has greater than 20% sequence identity with other paramyxovirus M proteins including measles, mumps, and the parainfluenza viruses. However, the NDV M protein has no sequence homology to any proteins with known structure.
Using X-ray crystallography in combination with electron tomography we determined the pseudoatomic structure of assembled M protein arrays in NDV and showed how the matrix protein arrays organize the glycoproteins and nucleocapsid and suggest the sequence of events during budding and fusion. Here, we report one of the few structural investigations of whole pleomorphic virions and a unique description of a matrix array in atomic detail.
Results and Discussion
Morphology of Newcastle Disease Virions. Consistent with previous observations on paramyxoviruses (1) , the morphology and size of NDV, as seen here in tomographic reconstructions (Fig. 1A-C , Left), varied from approximately spherical to ellipsoidal. The diameters of the spherical virions ranged from about 100 to 250 nm, whereas the ellipsoidal virions were sometimes as long as 350 nm and as narrow as 125 nm. On most virions, a layer of glycoprotein spikes extended about 12 to 18 nm beyond the surface of the 4-5 nm thick membrane. The electron tomographic results reported here show more detail of the paramyxovirus matrix proteins and nucleocapsid proteins in the virus than reported previously (17) .
Within the virions, the nucleocapsids have both linear and bend segments. When viewed end-on, they have a ring-like crosssection with an outer diameter of about 20 nm and an inner diameter of 4-5 nm (Fig. 1A and C) . For straight segments, the nucleocapsid has an approximately 7 nm repeating structure along its long axis, representing a helical arrangement of the nucleocapsid (Fig. 1B and Fig. S1 ).
Some virions have an additional layer of density on the inner surface of the viral membrane ( Fig. 1A and B showed that the matrix protein was in approximately the same abundance as the other structural proteins (Fig. S2) . In those NDV particles where there is at least a partial matrix layer, the surface glycoproteins and internal nucleocapsids associate with the matrix array ( Fig. 1A and B).
The Averaged Matrix Protein Array and Intercalating Glycoproteins.
Tomographic sections tangential to the viral membrane show that the matrix layer forms a grid-like array (Fig. 1D, Left ). An improved map representing the matrix protein and membrane was generated by averaging over repeating matrix subunits (SI Materials and Methods). This showed that the repeating unit of matrix protein has a nearly square shape, 5 nm on edge, which forms an array with a 7 nm repeat in orthogonal directions along the diagonals of the square (Fig. 1D, Right) . Although visual inspection of the tomographic sections tangential to the virion surface did not show any obvious organization for the HN and F glycoprotein ectodomains, averaging the glycoprotein layer using the periodicity of the matrix protein showed the existence of an extracellular array with high densities in register with the gaps between repeating units in the matrix array on the inner side of the membrane (Fig. 2) . The volume of the gaps between the matrix protein units is about equal to the volume of the repeating matrix protein unit itself, equivalent to about 70 kDa (SI Materials and Methods). The volume of this gap would be ample to accommodate the cytoplasmic tails of the tetrameric HN or trimeric F glycoproteins. Modeling of the NDV HN (25) or parainfluenza virus F (6) structures into the glycoprotein array shows that the glycoprotein ectodomains have the correct size to fit into neighboring sites consistent with the matrix protein periodicity. Although the head of the HN protein can be accommodated in arrays along one direction, the spaces in the orthogonal direction would only be able to accommodate the F protein (Fig. 3) .
The Tomographic Nucleocapsid Density. The tomograms of NDV showed long regions of nucleocapsids that have a repeating pattern (Fig. S1 ). This pattern was shown to correspond to a helix with a pitch (the axial translation for one turn of the helix) of 7 nm, consistent with that of other paramyxovirus nucleocapsids (8, 9, 26) . The twist (or number of NP repeats per turn of the helix) could not be determined because of the limited resolution of the tomographic maps (SI Materials and Methods and Fig. S1 ).
The nucleocapsids observed in the tomograms were often in register with the matrix protein dimers, such that the 7 nm pitch along the long axis of the nucleocapsid was placed along the same axis as the 7 nm repeat along the diagonal of the matrix array (Fig. S3 ). However, a helically organized matrix protein enveloping the nucleocapsid structure as described for measles virus (24) was not observed.
Structure of the Dimeric Matrix Protein Determined by X-Ray Crystallography. The full-length NDV M protein, containing 364 amino acids, was recombinantly expressed, purified, and crystallized. Elution peaks from size-exclusion chromatography indicated a dimeric matrix protein (Fig. S4) . The structure was determined in three different crystal forms to at least 2.2 Å resolution (Table S1 ). Each crystal form had two monomers in the asymmetric unit related by the same dimer axis. The M protein monomer has two similarly folded domains (Fig. 4 A and B) joined by a 16 amino acid linker and related by a roughly fourfold axis coincident with the dimer twofold axis (Fig. 4C and SI Materials and Methods). The N-terminal domain extends from residues 1 to 181 and the C-terminal domain stretches from residues 198 to 364. Each domain consists of a β-sandwich in which the β-strands in the opposing β-sheets are approximately orthogonal to each other. Various α-helices are situated mostly on the surface of these β-sandwich domains (Fig. 4A) . The domains can be superimposed with a rmsd of 3.8 Å between 74 equivalent Cα atoms of 167 residues. The dimeric M protein crystal structure (Fig. 4C) was fitted into the subunit density in the matrix protein layer of the tomograms (Fig. 5 and Table S2 ) using the program EMfit (27) . The volume of the tomographic density was consistent with the volume of the crystallographic dimer structure (SI Materials and Methods and Table S2 ). The good quality of the fit verified that the crystallographic dimer is the physiologically relevant unit. Furthermore, the side of the matrix protein facing the membrane is highly positively charged as is required to associate with the negatively charged membrane surface (Fig. 4C, Right) .
Structural Comparison with Other Mononegavirales Matrix Proteins.
A Dali search (28) gave a significant match between the NDV and the RSV matrix proteins as indicated by a Z score of 18 and a rmsd of 3.0 Å for 242 out of 254 residues. However, the crystal structure of RSV is a monomer (14) , not a dimer as in NDV. This may be because the crystallized RSV matrix protein is missing the 25 carboxyl-terminal residues, including what would be helix α13 in NDV that is involved in the monomer-to-monomer contact within the dimer. The greater conservation of residues in the dimer contact surface as compared to elsewhere in the protein (Fig. S5) provides further evidence that the biologically relevant assembly unit is dimeric for paramyxoviruses. The Dali search also showed that the matrix protein of Borna virus consists of a single domain similar in fold to each β-sandwich domain of the NDV matrix protein. These domains are related by an exact fourfold axis in Borna virus (13) corresponding to the approximate fourfold axis in the NDV matrix protein. Ebola virus matrix protein, VP40, also consists of two β-sandwich domains (12), but their rotational relationship to each other is different than that in the NDV matrix protein. Although the sequence divergence between these different Mononegavirales matrix proteins is great, their function and tertiary structure are well-conserved (Fig. S6 and Table S3 ), as has frequently been observed in other proteins (29) (30) (31) (32) .
The Matrix Protein Environment. The result of fitting the crystal structure into the tomographic density shows that there are two separate contact areas (Fig. 5) related by quasi-fourfold symmetry between neighboring matrix protein dimers in the virus. The first contact region consists of helix α9 interacting with the antiparallel helix α9 of a neighboring dimer. The other contact region consists of helix α2 interacting with the antiparallel helix α2 of a different neighboring dimer. The first contact region also occurs between dimers related by a crystallographic twofold axis in the monoclinic crystal structure. This contact involves hydrogen bonding and electrostatic interactions between Asp 255 and Arg 263 as well as Arg 262 and Glu 258. The angle between the noncrystallographic symmetry (NCS) dimer axes of the abutting dimers in the crystal is 20° (Fig. 5C) , giving a similar curvature as is produced by the 6°angle between neighboring dimers in virions (Fig. 5B) . Previously it was reported that the assembly of the matrix protein array is essential for virus budding (21) . As is shown here, the contact between dimers controls the approximate curvature of the assembled matrix array and thus the virion's shape while budding.
Implications for the Virus Life Cycle. The contacts between the dimeric matrix proteins will determine the curvature of the matrix arrays as shown above and, hence, that of the budding virus membrane. The matrix protein is also required for recruiting the nucleocapsid and glycoproteins into the virus (21) . The relatively few particles that were observed to have at least a partial matrix protein layer presumably represent the virus immediately after budding, because this event requires the matrix protein arrays for the generation of membrane curvature (33) . A similar observation has been hinted for the distribution of viral proteins in the organization of Sendai virus (17) . Therefore, other particles that did not show distinct matrix protein arrays probably represent the virus structure sometime after budding. These particles still contain the matrix protein (Fig. S2) but the arrays have disassembled, either as a result of the normal virus life cycle or the purification procedure. The signal for the dissociation of the matrix protein arrays in vivo might be, for instance, recognition of a receptor molecule by the glycoproteins. This disassembly is necessary for infection when the glycoproteins must be freed from the matrix array, allowing the F glycoprotein to undergo the conformational change required to transform from a pre-to postfusion state (34) . In addition, the matrix protein has to be released from the membrane for the formation of fusion pores and the release of the nucleocapsid into the host's cytoplasm. Thus, the matrix protein orders the maturation and infection process in time and space.
Materials and Methods
NDV was purified and vitrified for cryotomography (SI Materials and Methods). Tilt-series images were acquired and used to reconstruct 3D tomographic maps. Using the periodicity of the matrix protein seen in the reconstructed virions, an improved structure of the matrix protein array was generated by averaging subtomographic densities. The pitch of the helical nucleocapsid was determined by measuring the repeat distance along the length of the helix in the tomographic data. In addition, the full-length NDV matrix protein was recombinantly expressed, purified, and crystallized (SI Materials and Methods). The structure was determined by X-ray crystallography using single-wavelength anomalous dispersion data. The dimeric crystallographic structure was then fitted into the tomographic density and compared to the previously determined structures of homologous matrix proteins. 
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